Introduction {#Sec1}
============

Inguinal hernia is the most common medical condition requiring surgery in preterm infants who survived the neonatal period \[[@CR1]\]. Twenty to thirty percent of ex-premature infants who undergo hernia surgery under general anesthesia (GA) experience postoperative apneic episodes \[[@CR1]\]. Concerns also exist about the short- and long-term neurological sequelae of prolonged anesthetic exposure in young children \[[@CR2]\]. Regional anesthesia (RA) is an alternative to GA that is associated with decreased risks of postoperative apnea, periodic breathing, and desaturation, all of which may occur after GA in ex-premature infants \[[@CR3]\]. Previously, it was suggested that certain patient factors may increase the risk of developing apnea, neurodevelopmental change, and respiratory and circulatory complications after GA \[[@CR4], [@CR5]\]. These factors included gestational age at birth, post-conceptional age at the time of surgery, size for gestational age, and anemia \[[@CR4]\]. However, previous studies have not explored an association between the preoperative comorbidities and the duration of postoperative intubation.

Neuromuscular blocker drugs (NMBDs) play an important role in facilitating tracheal intubation and mechanical ventilation in neonates and infants. However, if the neuromuscular blockade is not antagonized, the effects of NMBDs may increase the duration of postoperative intubation. Effects of NMBDs including pulmonary complications may extend beyond the completion of surgery in as many as 88% of infants \[[@CR6]\]. Alternately, agents that antagonize the effects of NMBDs, such neostigmine, can restore normal muscle tone and strength, and abbreviate the duration of postoperative intubation \[[@CR6]\].

The aim of this study was to determine whether the type of anesthesia or neonatal preoperative medical conditions is associated with prolonged postoperative tracheal intubation after inguinal herniorrhaphy in neonates. We also sought to determine the impact of NMBDs and agents that antagonize their effects on the duration of postoperative tracheal intubation.

Methods {#Sec2}
=======

This was a retrospective single institution chart review of neonates after inguinal herniorrhaphy between 2010 and 2018. The University at Buffalo Institutional Review Board approved this study, study approval number: 2849. Those whose airways were intubated preoperatively were excluded from the analysis.

Several variables were recorded, including demographics, respiratory comorbidities such as respiratory distress syndrome, the presence of persistent pulmonary hypertension, bronchopulmonary dysplasia (BPD), and any other respiratory problems, major and minor cardiac defects, renal and liver problems, atrial/brain natriuretic peptide levels, steroid use, history of prior intubation, use of NMBDs and opioids, neonatal apnea, ongoing apnea, anemia, GA vs. caudal anesthesia (CA) modality, and conversion from caudal to general, and the use of agents postoperatively to antagonize neuromuscular blockade. Major cardiac defects were defined as any congenital heart anomaly that requires surgical interventional or cardiac catheterization before discharge from the neonatal intensive care unit (NICU). The patients that converted from CA to GA were included in the GA group. In addition, postoperative data including the time from the conclusion of anesthesia until tracheal extubation were categorized into two groups: immediate (\<6 h) and late extubation (≥6 h). Lastly, we recorded all reintubations during the subsequent 72 h.

All postoperative complications, including cardiac arrest, aspiration, inhaled nitric oxide use postoperatively, pulmonary edema, anaphylactic shock, drug overdose, severe arrhythmia, respiratory depression, complication of intubation, and death, as well as surgical complications were recorded. Fixed inspiratory oxygen levels before and after operation, and postoperative ventilation mode and peak pressure were documented. In this data collection, the primary outcome was prolonged postoperative intubation, defined as ≥6 h after surgery.

Statistical analysis was completed using SAS version 9.4. Fisher's exact test, Wilcoxon's signed-rank test, and logistic regression were utilized to compare GA and CA, as well as immediate vs. late intubation. For continuous data, we used Wilcoxon's rank-sum test, because the data were not normaly distributed. Also, the association between the preoperative comorbidities and the postoperative intubation time was explored. Finally, an association between the use of agents to antagonize NMBDs and the duration of tracheal intubation was examined using Fisher's exact test and the corresponding odds ratios were reported. A nominal significance level of 0.05 was used on all statistical tests.

Results {#Sec3}
=======

We reviewed the charts of 97 neonates (85% male, median corrected gestational age 39.9 weeks, interquartile range 6.6). A total of 85 neonates (87.6%) received GA; the remainder received CA. The type of anesthesia was chosen by the pediatric anesthesiologist in concert with the attending pediatric surgeon. The airways in all neonates who received GA were intubated for surgery. In 18 cases (18.5%), CA was the practitioner's first choice, although one-third (6/18) of the CA cases were converted to GA to complete the surgery. CA comprised 1% lidocaine with epinephrine or 3% 2-chloroprocaine. The main reasons for the conversion from CA to GA were hypoxemia, bradycardia, disruptive movement during surgery, or dural puncture during placement of the CA.

Demographic data, comorbidities, length of stay, and pre-op or postop FiO~2~ concentrations in the two groups were similar (Table [1](#Tab1){ref-type="table"}). Among those who received GA, 32.9% (28/85) remained intubated for at least 6 h after surgery, whereas 0% of those who received CA required intubation at any time (*p* = 0.03). Missing data were limited to some postoperative variables in 15 patients (15.5%).Table 1Demographics and preoperative comorbidities of GA and CA groups.VariableGACA*p*Adjusted age at time of surgery42.3 Weeks39.1 Weeks0.76Weight at time of surgery3.2 kg2.5 kg0.07PHT10 (11.8%)1 (8.3%)1.00BPD55 (64.7%)7 (58.3%)0.75RDS61 (73.5%)7 (58.3%)0.31ORD58 (68.2%)7 (58.3%)0.52Major CHD7 (8.2%)0 (0%)0.59Minor CHD67 (78.8%)7 (58.3%)0.15Prior intubation67 (79.8%)9 (75%)0.71Muscle relaxants use13 (17.8%)0 (0%)0.35Opioid use74 (87.1%)10 (83.3%)0.66Neonatal apnea59 (69.4%)6 (50%)0.20Ongoing apnea58 (68.2%)6 (50%)0.33Anemia78 (91.8%)12 (100%)0.59Steroids use62 (72.9%)8 (66.7%)0.73Renal problems43 (50.6%)5 (41.7%)0.76Liver problems65 (76.5%)11 (91.7%)0.45*BPD* bronchopulmonary dysplasia, *CA* caudal anesthesia, *CHD* congenital heart disease, *GA* general anesthesia, *ORD* other respiratory disorders, *PHT* pulmonary hypertension, *RDS* respiratory distress syndrome.

Fisher's exact test yielded two risk factors that were significantly associated with prolonged postoperative intubation: a history of tracheal intubation before surgery (*p* = 0.04) and a diagnosis of BPD (*p* = 0.03). The frequency of postoperative hernia-specific complications was similar in the two groups.

Among the 25 neonates who remained intubated ≥6 h postoperatively, 3 (12%) were extubated between 6 and 12 h, 11 (44%) between 12 and 24 h, and 11 (44%) after more than 24 h. After excluding missing data, 81.9% (59/72) of the GA group received NMBDs, 22% (13/59) of whom received agents to antagonize the blockade postoperatively. Only 2 of these 13 (15.4%) remained intubated for ≥6 h. The use of agents to antagonize NMBDs was inversely related to prolonged intubation (odds ratio = 0.20, *p* = 0.05). Prolonged postoperative intubation time was significantly associated with the preoperative and postoperative FiO~2~ (*p* \< 0.001) (Table [2](#Tab2){ref-type="table"}).Table 2Demographics and preoperative comorbidities of prolonged and short-no intubation groups.VariablePIGSNIG*p*Adjusted age at time of surgery41.8 Weeks42.0 Weeks0.53Weight at time of surgery3.2 kg3.1 kg0.08PHT6 (21.4%)4 (7.0%)0.07BPD23 (82.1%)32 (56.1%)**0.03**RDS22 (84.6%)39 (68.4%)0.18ORP23 (82.1%)35 (61.4%)0.08Major CHD4 (14.3%)3 (5.3%)0.21Minor CHD23 (82.1%)44 (77.2%)0.78Prior intubation26 (92.9%)41 (73.2%)**0.04**Muscle relaxants use2 (7.7%)11 (23.4%)0.12Opioid use27 (96.4%)47 (82.5%)0.09Neonatal apnea20 (71.4%)39 (68.4%)1.00Ongoing apnea19 (67.9%)39 (68.4%)1.00Anemia28 (100%)50 (87.7%)0.09Steroids use22 (78.6%)40 (70.2%)0.45Renal problems18 (64.3%)25 (43.9%)0.11Liver problems24 (85.7%)41 (71.9%)0.19Preoperative FiO251.029.2**\<0.001**Postoperative FiO236.930.7**\<0.001***BPD* bronchopulmonary dysplasia, *CHD* congenital heart disease, *ORD* other respiratory disorders, *PHT* pulmonary hypertension, *PIG* prolonged intubation group, *RDS* respiratory distress syndrome, *SNIG* short-no intubation group, *P*-values in bold indicate statistically significant results.

Intent-to-treat analysis demonstrated no significant difference in preoperative comorbidities between the 18 neonates selected for CA and the 79 neonates selected for GA. Compared with the immediate extubation group (*n* = 59), those whose airways were intubated for more than one day (11) postoperatively required significantly greater levels of FiO~2~ both pre- and postoperatively, an average of 26 vs. 42 (*p* = 0.004).

Intubation time analysis (raw times) {#Sec4}
------------------------------------

Given that the sample size is a little small for this group, we applied basic tests. For the continuous covariates, we generated a spearman correlation and corresponding *p*-values to determine whether there was a relationship between the covariate and intubation time. We found that only birth weight and weight at the time of surgery were significantly associated with prolonged intubation (*P* = 0.04 and *p* = 0.02) respectively, i.e., as the weight of the neonates increased the duration of intubation decreased (*r* = −0.42 and *r* = −0.5), respectively. We also generated the mean intubation time across the categorical covariates and corresponding Wilcoxon signed-rank test for differences, but none of those were significant.

Power analysis {#Sec5}
--------------

Typically, a power analysis would be done prior to data collection to determine a general sample size, but our study was limited from the start to the data that already have access to, a power analysis would not necessarily be suited here. With a sample size of 85 and 12, estimated proportions corresponding to dichotomous variables could have a maximum standard error of 0.114 and 0.054, respectively. Of the GA subjects, 25 subjects had long intubation and 60 did not have long intubation. The estimated proportions corresponding to dichotomous variables within the 25 prolonged intubated neonates vs. the 60 immediate intubated groups could have a maximum SE of 0.096 and 0.066, respectively.

Discussion {#Sec6}
==========

In a large cohort of neonates undergoing inguinal herniorrhaphy surgery, we found a predictably larger fraction of postoperative tracheal intubation in the GA group when compared with those undergoing CA. A history of previous intubation and BPD significantly predicted prolonged postoperative intubation, whereas agents that antagonize NMBDs abbreviated the duration of postoperative intubation. These results are significant in highlighting the importance of the mode of anesthesia and preoperative comorbidities on the duration of postoperative tracheal intubation in neonates undergoing inguinal hernia surgery.

There is a paucity of published data regarding outcomes after hernia repair in neonatal patients in terms of their need for mechanical ventilation support based on their preoperative status. Previous studies reported a number of factors that contribute to postoperative apnea. For example, premature infants less than 44 weeks post-conceptional age and those who are anemic are at increased risk for post-anesthetic apnea compared with infants older than 44 weeks post-conceptional age \[[@CR7], [@CR8]\]. Post-conceptional size for gestational age, BPD, necrotizing enterocolitis, and a history of apnea or ongoing apnea are additional factors that are reported to increase the risk of post-anesthetic apnea \[[@CR4], [@CR9], [@CR10]\]. Nonetheless, none of these studies explored the frequency of complications in neonates who required prolonged intubation. RA (spinal/caudal) is a technique that could be offered to critically ill neonates who may face daunting challenges if they received GA and tracheal intubation. However, this study and similar previous studies found that GA and RA were being used in similar cohorts regardless of demographics and preoperative comorbidities \[[@CR11]\].

One of the key findings from this study is that BPD, which is defined as a consistent requirement of supplemental oxygen (\>21%) at 36 weeks corrected gestation, is significantly associated with prolonged postoperative mechanical ventilation. The association for BPD, post-anesthetic apnea, and need for postoperative mechanical ventilation was observed previously suggesting that BPD could lead to post-anesthetic apnea because of the presence of interstitial fibrosis and fluid retention \[[@CR10], [@CR11]\].

Although not definitively described in the literature, prolonged postoperative intubation has been strongly associated with a history of prior intubation. This observation could be related to the severity of the underlying disease that required mechanical ventilation in the first place or to upper airway anatomic trauma caused by the previous intubation. In adults, vocal cord granulomas were reported bilaterally in about half of the patients with prior intubations, taking up to 70 weeks before the patients went into remission \[[@CR12]\]. Neonatal anesthesia has traditionally utilized uncuffed tracheal tubes to minimize airway mucosal injury \[[@CR13]\]. However, a review study concerning injury after tracheal intubation in neonates concluded that tracheal intubation can lead to both glottic and subglottic inflammation and stenosis, and that the severity of the injury increases in proportion to the duration of tracheal intubation \[[@CR14]\]. Hence, the duration of tracheal intubation in neonates should be limited. It is worth mentioning that prolonged intubation can increase risk of reintubation, subglottic stenosis, laryngeal injury, ventilator-associated pneumonia/events, swallowing and speech impairment, and tracheobronchitis \[[@CR14]\].

Concern has been expressed previously that the use of NMBDs in neonates can lead to residual neuromuscular effects that may include postanesthesia hypoxia, airway obstruction, the need for reintubation, impaired respiratory response to hypoxia, and decreased forced vital capacity \[[@CR6], [@CR15]\]. Residual neuromuscular blockade may result from any of several possible reasons including the dose of NMBDs during surgery in relation to the duration of the surgery and the lack of neuromuscular blockade monitoring and the failure to antagonize the neuromuscular blockade at the conclusion of surgery \[[@CR16]\]. Although the use of agents to antagonize the neuromuscular blockade varied inversely with the duration of prolonged intubation and are recommended to ensure the integrity of the neuromuscular junction before tracheal extubation \[[@CR15], [@CR17]\], only 15% of the neonates in whom neuromuscular blockade was used received an anticholinesterase, neostigmine. Sugammadex is a distinctive neuromuscular reversal agent that belongs to a new selective relaxant class; it reverses the aminosteroid non-depolarizing muscle relaxants (rocuronium and vecuronium) \[[@CR18]\]. With the introduction of Sugammadex into clinical practice, complete antagonism of steroidal neuromuscular blocking drugs such as rocuronium may be achieved even after large doses of rocuronium during relative brief surgery in neonates and children \[[@CR18], [@CR19]\]. Although not approved by the Food and Drug Administration for use in neonates, the available experience suggests that Sugammadex will completely antagonize neuromuscular blockade in neonates, despite the immature development of the neuromuscular junction in this age group \[[@CR20]\]. A large case-controlled study concluded that antagonizing the NMBD effects could effectively reduce the morbidity and mortality after anesthesia and we posit this may be extended to neonates \[[@CR21]\].

Although the conversion rate from CA to GA in this study was large, it is consistent with rates (3.9%--23.9%) reported in prior studies \[[@CR22], [@CR23]\]. We routinely use CA instead of spinal anesthesia for lower abdominal surgery in this population to provide supplemental local anesthesia in the caudal block if the surgery is prolonged and to avoid the failure rate associated with spinal anesthesia \[[@CR22]\]. The main contributing factors for the conversion from CA to GA include technical difficulties from performing the caudal block, unexpected surgical difficulties, a vigorously crying patient, surgeon preference, and repeated apnea \[[@CR10], [@CR24]\]. Interestingly, there was no significant difference between the immediate and prolonged intubation groups with the intent to treat analysis. However, as there is no clear guidelines/indications for which neonates would receive CA vs. GA, we believe that these six patients were most appropriately analyzed in the GA group.

This study has several limitations, which may limit its generalizability. First, missing data is a major hurdle with any retrospective study. Second, the sample size particularly for the CA group was small, considering the commonality of the inguinal hernia. Third, a history of prior intubation could be attributed to multiple factors, rendering the practical interpretation of this finding a serious challenge. Alternately, the association of prolonged intubation with a prior history of intubation demonstrates that any underlying cause that was managed by mechanical ventilation is a potential cause for postoperative prolonged intubation. In spite of these limitations, the chief strength of this study is that it considered a wide range of preoperative comorbidities, to predict the risk of postoperative prolonged intubation for neonates with inguinal hernias who undergo a herniotomy during their NICU stay. Of note, we did not categorize the cases based on the surgical approach (laparoscopic versus open), because we believe that laparoscopic hernia repair is not necessarily faster, less painful, or cosmetically superior to the open approach; at least not to that degree as described in some studies. We also have a bias to request CA for the "sicker" neonates because we believe RA impacts the cardiopulmonary system to a lesser extent than GA. However, our statistical analysis failed to identify any significant difference between the CA and GA groups in terms of preoperative comorbidities, including BPD and a history of intubation.

Conclusion {#Sec7}
==========

CA is associated with a substantially decreased need for postoperative tracheal intubation when compared with GA in neonates undergoing inguinal herniorrhaphy. History of prior intubation and/or BPD may jeopardize the postoperative course for neonatal patients after herniorrhaphy by increasing the need for postoperative ventilation support. In addition, using agents that antagonize neuromuscular blockade may reduce the duration of postoperative tracheal intubation.
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